We use molecular dynamics simulations to study the diffusion of water inside deformed carbon nanotubes with different degrees of eccentricity at 300K. Water diffusion enhancement (suppression) is related to a reduction (increase) in the number of hydrogen bonds. This suggests that the shape of the nanotube is an important ingredient when considering the dynamical and structural properties of confined water.
Introduction
Physical and chemical properties of materials might change dramatically depending on the size in which they are being investigated [1] . As we decrease the scale of the system, interactions with the confining surface becomes relevant which potentially changes the thermodynamic and dynamic properties. One example of this is water confined in carbon nanotubes (CNTs) which shows additional anomalies when compared with bulk water [2] [3] [4] [5] [6] . One of these new anomalous behavior is the water mobility. The experimental value for the diffusion constant of bulk water, D, at 298 K and 1 atm is 2.3 × 10 cm 2 s −1 depending on the model employed for describing liquid water [7] [8] [9] [10] . D for nanoconfined water does not decrease with the decrease of the confining region as observed for macroscopic confinements but it shows a non monotonic behavior [11, 12] . For diameters above d = 6 nm the diffusion coefficient is close to the bulk value. As the d decreases the diffusion decreases, reaching a minimum value for d = 1.27 nm followed by an increase [13] . The water at this nanoscale is not homogeneous distributed inside the tube, but forms layers. The water structure inside the layers is determined by the optimization of the water-wall and the water-water hydrogen bonds interactions.
The interaction of the water wall depends on the helicity of the nanotube. We know that structurally the nanotubes armchairs and zigzags are different [14] [15] [16] . This leads us to believe that chirality affects the water-nanotube interaction. There is a small difference between C-C forces between the armchairs and zigzags, where the armchairs have a slightly larger bonding energy [17] and the chirality affects the dipole orientation of the water due to a difference in the partial load distribution at the ends of the tubes [18] . But even with these structural differences, some studies indicate that chirality rarely affects the properties of water. The length and diameter are more relevant and abruptly affect the properties of the confined water [2, 4] , this causes that the effect of chirality in the water behavior is not very reported in the literature. In contrast, some studies deal with the influence of chirality on the behavior of confined water, even though it does not have a consensus on which chirality would affect this behavior more or less [5, 6, 19] . The high mobility of water inside a nanotubes with such small diameter is quite interesting but it was observed in simulations performed in perfect nanotubes only [20] [21] [22] . In real nanotubes, defects are expected either by irregularities in the tube but also by the presence of dopant molecules which are also likely to attach in CNTs, causing deformations in their structures [23] .
Recently, the impact of deformations in the diffusion coefficient for confined water was studied by computer simulations using TIP4P/2005 water model, for the particular case of the kneaded armchair nanotubes [24] . This work found that large deformations favor hydrogen bond formation, which suppress diffusion for almost all (n,n) nanotubes. The exception was the (9,9) CNT which in zero deformation presents zero diffusion forming a perfect hydrogen bond network. For the (9, 9) CNT the eccentricity promotes the breakdown of hydrogen bonds, the ice-like structured melts and the water molecules gain mobility. Even thought interesting, the analysis of the kneaded nanotubes is not realistic since it preserves the axial symmetry and nanotubes deformations have no reason to preserve this symmetry [25, 26] . Here we go beyond uniformly deformed nanotubes. We calculate the diffusion constant for the TIP4P/2005 water model confined in carbon nanotubes with non uniform wrinkles, creating a system closer to what happens in real world for diffusive processes of water. The effect of pore size on water diffusion is analyzed. Recognizing that the water-wall interactions are crucial for water mobility we also exam what happens with the diffusion of water when the deformations are performed for different nanotube helicities by comparing D for different nanotubes diameters for armchair and zigzag CNT's. Since there is no concrete discussion in the literature on the effects of the chirality of nanotubes in the confinement of water.
The remaining of the paper goes as follows. We present the details of the simulation in section 2, in section 3 we discuss the results and conclusions in section 4 end the paper.
Model and Methods
We study the thermodynamic and dynamic behavior of water confined in carbon nanotubes. We employed the TIP4P/2005 water model [10] . The initially perfect nanotubes ware submitted to two different processes. In the first process, the entire nanotube was uniformly kneaded in the y direction until the nanotube reached an elliptical cylinder shape with eccentricities varying from 0 to 0.8 as illustrated in the Figure 1 [24] . The deformation imposed to the nanotube is characterized by the eccentricity:
where b is the smaller semi-axis and a is the larger semi-axis. The final configuration shows eccentricities ranging from 0,when the tubes are perfectly symmetrical, to 0.8, with nanotubes completely deformed. The second process comprises to randomly knead the nanotube in the y direction until it has non-uniform wrinkles as shown in the figure 1. The perfect nanotube is identified by P (n, m), the uniformly kneaded nanotube is labeled as K(n, m), while the randomly wrinkled nanotube is referred as W (n, m). (n, m) is related to nanotube's helicity (the direction a graphene sheet is rolled up to form a nanotube) and it defines the nanotube diameter d. Two different diameters of armchair (n = m) and two sizes of zigzag nanotubes (m = 0) were used to illustrate the differences in the behavior due to size and structure of the nanotubes. Details of each type of nanotube are given in Table 1 . Note that (9,9) and (16,0) CNTs have virtually the same diameter. This also happens with the nanotubes (12, 12) and (21,0). Molecular dynamics (MD) simulations at constant number of particles N, volume V and temperature T were employed to investigate the diffusion of water confined in carbon nanotubes with different radius, helicity and defects.Periodic boundary conditions in the tube axial (z) direction and a cutoff radius of 12Å were used.
Water density inside carbon nanotubes was determined considering the excluded volume due to Lennard-Jones interaction between carbon in the nanotubes and oxygen atoms in the water. Therefore the effective density
, where M is the total water mass into the tubes, while L z is the nanotube length [27] .
Simulations were carried out in the N V T ensemble with LAMMPS package [28] . The Particle-Particle-Particle-Mesh method was used to compute the long-range Coulomb interactions, and the structure of water molecules were constrained through the SHAKE algorithm with tolerance of 1×10 −4 . The pressure was kept constant at 1 atm by the Nosé-Hoover barostat and thermostat. The temperature was kept at 300 K through the Nosé-Hoover thermostat with a damping time of 100 fs. The time step was 1 fs. The system was equilibrated during 5 ns, then properties were stored every 0.01 ns during 5 ns, giving a total simulation time of 10 ns. Due to system dimensions, the diffusion is minimal in the radial direction and only the axial diffusion is considered. It is determined through the one dimensional Einstein relation as
where
2 is the mean square displacement (MSD) in the axial direction. In order to characterize the water structure we calculated the number of hydrogen bonds and we also made color maps for oxygen occurrence in the xy, xz and yz directions. Hydrogen bonds were calculated considering the following geometrical definition [29] ,
where α is the OH · · · O angle and | r OO | is the distance between two oxygens. Oxygen occurrence color maps are obtained dividing the correspondent plane in square bins with length of 0.1Å and counting the number of oxygen in each bin.
Results and discussion
We analyzed the behavior of water inside the (9,9), (12, 12) , (16, 0) , and (21,0) nanotubes with and without deformation. As expected, the mobility of water molecules is greater for CNTs with larger diameter. Analyzing the Figure 2 , if we compare the chiralities, we can observe that for the CNTs of smaller diameter there is a much greater mobility for the zigzags (16, 0) than for the armchairs (9, 9) . This situation does not repeat itself so clearly when we compare the CNTs with the larger diameters, since the mobility for the cases P (n, m) and W (n, m) are very close, differing only for the case K(n, m), where mobility for CNT (21, 0) is higher. This effect can be justified by the structure of the CNT, as we can see in the Figure 3 . The effect of the CNT surface can then be dominant in the behavior of water. (12, 12) nanotube our results support previous findings [13, 24] which show that in general deformation decreases mobility by increasing the number of hydrogen bonds. For the (9, 9) CNT, as mentioned before, water is frozen and the melts the system. The color map presented next clarifies this point. For (12, 12) we observe that the more deformed the structure of the CNT the lower the diffusion coefficient. For W (12, 12) we have a minimum and this can be explained by the wrinkles present in the structure. The color map presented next clarifies this point. The mobility of the water confined in zigzag nanotubes (16, 0) , illustrated in figure 4(a) , shows an increase in the mobility with the decrease of the number of hydrogen bonds as the system goes from underformed, wrinkled to kneaded. The deformations disrupts the hydrogen bonds. Since the water molecules move linearly in the z direction, these random deformations disrupts the hydrogen bonds between layers and this disruptions is stronger for the kneaded case.
The relationship between the number of hydrogen bonds and the mobility of water sinside carbon nanotubes seems to be obvious, as shown in Fig. 4  (b) . The results for the hydrogen bonds only reinforce the values found for the diffusion coefficients. If there is an increase in the diffusion the links decrease, for all cases. As we have close values, for both chirality, we can arrive at the conclusion that chirality is not dominant in water behavior, but rather its diameter and size. Figure 5 shows colormaps (A), (B), (C), and (D), representing the radial distribution of water molecules over all nanotube length for P (9, 9), P (16, 0), P (21, 0), and P (12, 12), respectively at the perfect nanotube. The figure 5 (E) shows the excluded distance, r, defined as the distance between the nanotube wall and the first layer of water molecules, as function of nanotube radius. Colormaps of xy direction for P (9, 9), P (16, 0), P (21, 0) and P (12, 12), respectively. Dark blue regions have low probability to find water molecules, while red regions have high probability to find water molecules. (E) Excluded distance as a function of perfect nanotube radius.
We observe that although nanotubes (9,9) and (16,0), figure 5 (a) and (b) respectively, have virtually the sameradius, R, the water molecules are distributed in one and two layers respectively. In addition, the distance between the first layer of water and the nanotube wall is smaller for the (16,0) system when compared with the (9,9) case. The chiality of the tube promotes the organization of water in such a way that the single layer at the (9,9) tube has ice-like water inside while in the case of the (16,0) tube, the water, particularly the central layer is mobile.
For the (9,9), carbon-water repulsion is higher, and only one layer of water is formed leading to the anomalous diffusion. For P (21, 0), and P (12, 12) [Figs. 5 (C) and (D)] the confined water present two layers. Although the number of layers is the same, the diffusion for P (21.0) is almost two times the value observed for the case P (12, 12) . This increased diffusion is due to a greater carbon-water repulsion for P (21, 0) than for P (12, 12) .
A similar analysis is made to the kneaded nanotubes. The colormaps figure 6 (A), (B), (C), and (D), represent the radial distribution of water molecules over all nanotube length for K(9, 9), K(16, 0), K(21, 0), and K(12, 12), respectively. Figure 6 (E) shows the excluded distance as function of nanotube radius only over the semi-minor axis as indicate in Fig. 6 (E). The radius excluded depends on nanotube topology and pore size, that is, by varying these two parameters, the water-water interaction becomes more, or less, relevant in relation to the water-wall interaction.
For the wrinkled nanotube is not possible to make a similar analyzes of the excluded radius, because there is no symmetry along the axial direction. Therefore, we analyzed several xy colormaps of different nanotube regions, with length of 25 nm each, in order to extract information from the radial structuring. Additionally, xz and yz colormaps are analyzed. Figure 7 shows these colormaps for the W (9, 9) case. Colormaps of xz, yz and xy directions for the (9, 9) randomly wrinkled nanotube. The xy colormaps are dependent of the nanotube region, so each xy colormap is related to one nanotube region with 25nm in z direction. Dark blue regions have low probability to find water molecules, while red regions have high probability to find water molecules.
The xy maps show several different radial structures. To water transition from one radial structure to another, the radial hydrogen bonds are broken, and the transition between regions with different degrees of defects is abrupt. Figure 7 the xz and yz colormaps show that water tends to maintain the axial hydrogen bonds, performing a smooth transition of structure between regions with different degrees of defects. The same behavior was found for W (16, 0) nanotube. Figure 8 shows the colormaps for the W (21, 0) case. Again, the xy colormaps show several distinct radial structures, but different from that observed in figure 7 , the difference between the structures is small. The transition between the radial structures is smooth and the water is able to make radial hydrogen bonds. The xz and yz colormaps confirm that water tends to maintain the axial hydrogen bonds. The same behavior was found for W (12, 12) nanotube. The xy colormaps are dependent of the nanotube region, so each xy colormap is related to one nanotube region with 25nm in z direction. Dark blue regions have low probability to find water molecules, while red regions have high probability to find water molecules Theses results explain the values obtained for the hydrogen bonds shown in figure 4 (b) . Axially, each water molecule makes two hydrogen bonds. For nanotubes with smaller pore sizes, where the water has many radial transitions, the average number of hydrogen bonds is close to 2.
Conclusions
In this work we analyzed the water diffusion constant under confinement with different degrees of defects. Different pore sizes and diferentes pore topology were considered. In general, perfect nanotubes lead to a larger diffusion than defective nanotubes, with the exception of P (9, 9) CNT, where the water has an anomalous diffusion. Therefore, defects in the nanotube suppress the anomalous diffusion enhancement of water inside CNTs.
For all CNTs analyzed, the diffusion for the nanotubes with defects only in the radial direction was smaller than the diffusion for the nanotubes with defects in the radial and axial directions. Analyzing the structure along these defective nanotubes, we showed that the axial defect promotes to a breakdown of hydrogen bond in the radial direction, leading to an increased diffusion, if we compared with the kneaded results.
The diffusion observed in the wrinkled nanotubes presented a strong relation with the topology of the nanotube. The diffusion is larger for zigzag CNTs and smaller for armchair CNTs. A very interesting result is that the combination of axial and radial defects causes the diffusion to be independent of the nanotube radius. The value of the diffusion constant depends in a non trivial way on a balance between the structure assumed by the water, the water-water interaction, and the water-carbon interaction.
Supplementary Material
See supplementary material for a complete description of colormaps in xy plane.
